By using an optical device based on the integration of a GRaded-INdex (GRIN) rod lens and a single-mode optical fiber we efficiently collected photon pairs generated by spontaneous parametric down-conversion. We show that this system preserves the polarization entanglement of the 2-photon states. Hence this device, characterized by a remarkable easiness of alignment and allowing for high coupling efficiency of single-mode radiation, can be used with photons entangled in various degrees of freedom, such as polarization and spatial momentum, and to interconnect different sides of complex optical circuits.
Photon entanglement is a key resource for modern quantum information (QI) applications such as quantum computation 1, 2 and communication protocols 3, 4 . Spontaneous parametric down-conversion (SPDC) is up to now the most established technique to generate photon entanglement by using polarization and other degrees of freedom (DOFs) of the photons 5, 6, 7, 8, 9, 10, 11, 12, 13 . The realization of four 14 and sixphoton 15 entangled states together with the introduction of hyperentangled states 16, 17, 18 , based on the entanglement of two photons in many DOFs (such as polarization and longitudinal momentum), open important perspectives in the implementation of QI tasks with multiqubit photon states.
In a recent paper 9 , we have demonstrated the entanglement of two photons in many optical modes by collecting the degenerate conical SPDC radiation (with horizontal polarization) of a Type I phase-matched crystal. Multi-path entanglement was realized by a set of graded-index (GRIN) lenses, carefully aligned in the annular section of the SPDC cone and efficiently connected to a bundle of single-mode optical fibers. This experiment proved the feasibility of using GRIN lenses with longitudinal momentum entanglement and thus suggests to test the entanglement in other DOFs, such as polarization. In particular the absence of any birefringence effect, introducing a polarization decoherence due to temporal and/or spatial walk-off in the GRIN lenses, should be verified.
In this paper, we investigate the polarization performances of the integrated device composed of a GRIN rod lens and a single-mode optical fiber. We focus on the preservation of polarization entanglement. This result, together with the high collection efficiency, the easiness of alignment and the low translational sensitivity, makes this optical integrated system a powerful tool for advanced QI tasks.
The basic elements of the optical device we are going to consider are a single-mode fiber (SMF; Thorlabs 19 , mod. P1-630A-FC-2) and a "quarter-pitch" GRIN rod lens (GL; Grintech 20 , mod. GT-LFRL-200-025-50-NC(728), length = 5.0 mm, diameter = 2.0 mm, numerical aperture = 0.5, ARcoated on the input face). We recall that the term "quarterpitch" refers to the GRIN lens length, chosen in such a way that an input plane wave is focused on the output face of the GRIN lens.
The GL is glued to one end of the fiber to give the definitive integrated optical system, from here on labeled as GL-SMF. The coupling efficiency of a GL-SMF system is essentially determined during the fixing procedure of the two components. The latter was performed by using a continuous wave (cw), horizontally-polarized Ti:Sapphire laser beam (λ T i:Sa =728 nm) which simulates the input radiation collected by the two GL-SMF systems included in the experimental setup. A positive lens (focal length 500 mm) was inserted in the Ti:Sa beam path to model the beam shape and let the beam waist coincide with the location of the GL. This choice approximately sets the optimal coupling conditions for the radiation entering the FIG. 2: Experimental setup used for polarization Bell-state measurements. The basic elements of the entanglement source are described in Ref. 21 GL-SMF system. As shown in Fig. 1(a) , the considered GRIN lens is equivalent to a lens with focal length f ≃ 2mm 1 and two free space propagations of length f . Hence it is possible to describe the coupled beam in terms of its beam waist W ≃ 150 mm. These values can be calculated from the core diameter of the fiber (2W 0 ≃ 5 µm, see 19 ). First, we aligned the input face of the GL orthogonal to the laser beam, with its AR-coated side turned to the input radiation in order to avoid reflections. We then brought the SMF closer to the GL and optimized the coupling into the fiber. By knowing the input power, it was possible to obtain the optimal coupling conditions by monitoring the collection efficiency of each GL-SMF system (calculated as P out /P in ) and improve it by sub-micrometric displacements and careful tilting of the fiber. Once the GL and the SMF were sufficiently close to each other, we proceeded to glue the two components. A coupling efficiency of almost 70% and a gaussian shape translational efficiency with full width at half maximum equal to w = (301 ± 4)µm were measured for the two integrated systems built by this procedure.
Successively, the two equal GL-SFM systems were used to collect polarization-entangled photon pairs generated by a SPDC source. The source, shown in Fig. 2 , and described in another paper 21 , generates the polarization-entangled state
over two modes selected from the degenerate emission cone of a Type I β-Barium-Borate (BBO) crystal. The selected SPDC radiation was then collected by the two GL-SMF systems. For each SMF, a manual polarization controller (PC) allowed to invert the unitary transformation introduced by the fiber. Finally, two standard polarization-analyzer settings constituted by a λ/4 wave-plate, a λ/2 wave-plate and a polarizing beam splitter (PBS) allowed the characterization of the output radiation focused on two single-photon detectors 1 Here f = (Perkin-Elmer, mod. SPCM-AQR14), labeled as 1 and 2 in Fig. 2 . Two interference filters (IF; bandwidth ∆λ) placed in front of the detectors determine the coherence time of the emitted photons; in the present experiment we considered two different values of the bandwidth, namely ∆λ = 6 nm and ∆λ = 70 nm. With the former (latter) choice we obtained nearly 180 coinc/s (1000 coinc/s) within a coincidence window of 3 ns. This determines a coincidences/singles ratio of almost 8%.
By varying the position of the spherical mirror M (shown in Fig. 2 ), we were able to change the relative phase θ in the generated state |Φ θ . We measured the photon coincidence rate as a function of the mirror position with the polarization analyzers set to diagonal polarizations, i.e. we detected both photons with polarization
The experimental results are shown in Fig. 3 for the two bandwidth values ∆λ of the IFs. In our experimental conditions, the ∆λ = 70 nm IFs were used to filter out stray-light radiation. In this case, the actual bandwidth of the detected photons is narrower than 70 nm because of two effects: the spatial mode selection operated by the SMFs and the presence of position-frequency correlations characteristic of the SPDC radiation. The variation of the number of coincidences N C with the phase θ is precisely the one expected for entangled states such as |Φ θ , N C (|Φ θ ) ∝ 1 + cos θ. The coincidence fringe visibility reaches the value V = 0.9785 ± 0.0001 for ∆λ = 6nm, while V = 0.9094 ± 0.0001 for ∆λ = 70nm. The maxima and minima of these interference patterns single out the longitudinal positions of the mirror M corresponding to the Bell states 
, respectively. The slight difference between the two fringe pattern periods in Fig. 3 is mainly due to the different bandwidth values.
The tomographic reconstruction of the coupled radiation represents the primary instrument to evaluate the polarization performances of the GL-SMF setup. Besides the two Bell states cited above, which are derived from the original generated entangled state |Φ θ by appropriately setting the mirror M position, we can obtain
(|H 1 |V 2 ±|V 1 |H 2 ) thanks to an additional λ/2 wave-plate placed in front of one of the integrated GL-SMF systems. Fig. 4 shows the results of the four tomographic characterizations, with the elements of the density matrices written in the polarization basis {|HH , |HV , |V H , |V V }.
For every generated state, we note the presence of the characteristic diagonal terms and the strong coherences (with negative signs when looking to the singlet state |Ψ − and to |Φ − ) existing between them. The fidelities of the experimental states are: F |Φ + = 0.938 ± 0.019, F |Φ − = 0.949 ± 0.020, F |Ψ + = 0.923 ± 0.014 and F |Ψ − = 0.965 ± 0.029, all of which show a strong closeness to the theoretical Bell states (encoded in polarization). A more quantitative parameter associated to the generated polarization-entangled states is given by the tangle τ : τ |Φ + = 0.873, τ |Φ − = 0.940, τ |Ψ + = 0.846 and τ |Ψ − = 0.911. These values are the evidence of a high degree of entanglement generation.
We presented a device built as an integrated system of a graded-index lens glued to a single-mode optical fiber. In the present paper we have shown that this system preserves polarization entanglement of SPDC radiation, despite possible anisotropies between the radial and tangential components of the mode 22 . Since this very device gave successful results when used with longitudinal momentum entanglement 9 , it can be adopted for a series of QI applications where different types of entanglement are involved. Particularly, it could be a useful instrument to connect different sides of complex optical circuits.
When thinking of future applications involving optical microchips, it is worth investigating the possible solutions to link distinct elements in order to perform more complex operations 23, 24, 25 . For this purpose we studied the coupling efficiency of the sequence of two GL-SMF systems separated by a variable path in free space and set out as pictured in Fig. 1(b) . For a free space separation changing from 1 mm to 40 mm we measured a coupling efficiency of almost 90% . This work was supported by Finanziamento Ateneo 2008 (prot. C26A08RMYF) of Sapienza Università di Roma.
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